Today there is increasing interest and demand for energy savings in the building sector. Windows still represent a weak point in the building envelope with respect to thermal performance due to thermal losses from the interior to the exterior as well as overheating of the interior due to excessive solar radiation from the exterior environment into the interior. However, windows and glazing structures enable the utilisation of daylight and heat from incident solar radiation, while at the same time providing comfort and a view to the outdoor surroundings. Multipane glazing and windows may represent a possible way to lower energy consumption related to heating and cooling. In this study, a multipane glazing structure, more specifically a 6-pane glazing, has been constructed and investigated with regard to various properties and possibilities. The general configuration of the 6-pane glazing is described. Furthermore, properties such as U -value, solar energy transmittance, visible transmittance, solar heat gain coefficient, glass pane temperatures, vapour permeability, economical aspects, and comfort of living, among others, are analysed. Finally, a case study is presented that demonstrates a 50% reduction in the annual energy consumption after renovation with this 6-pane glazing.
Introduction
Intermittence is one of the major drawbacks regarding renewable energy sources and represents a fundamental problem in reducing fossil fuel use and carbon emissions. In a recent study, Sinn [1] showed that in order to resolve the seasonal volatility issue in Germany it would be necessary to store energy from August throughout the winter months until March due to the heating demand. There are few seasonal energy storage options, and most cannot be applied on a large scale.
In heating dominated countries, with few exceptions, substantial CO 2 emissions result from a building's heating demand. These emissions may be difficult to eliminate with (non-hydropower) renewable sources that are in short supply during the winter season in densely populated countries.
Already in 1995, Feist predicted that with a glazing U -value of 0.3 W/(m 2 K) zero-heating buildings could be realized [2] . It has also recently been shown [3] that for glazed buildings with sys-tem U -values as low as 0.3 W/(m 2 K) the heating demand diminishes. The remaining cooling demand can be favourably synchronised with solar radiation, where maximum photovoltaic generation nearly coincides with the maximum power needed for cooling. In this way, the building would not need a winter power reserve and it obviously would not need any seasonal energy storage.
Unfortunately, with the existing triple and quadruple glazing window systems a U -value of 0.3 W/(m 2 K) is inaccessible [4] . Therefore, some main technologies in advanced glazing [5] have emerged in recent years, i.e. vacuum glazing [6] , aerogel glazing [7, 8] , and multipane glazing [9] ; the latter includes multilayer allglass products and multilayer glass/polymer combination products. Separately, a 'water flow glazing' technology demonstrator [10] was presented, where water flows within the inner of a two-chamber unit. There, water-induced corrosion of the float glass will have to be addressed.
Vacuum glazing offers good centre of glass performance; however, total window performance is poor due to substantial heat loss through the edges. Aerogel windows have the lowest potential U -values, but they have poor visual control and should be protected from moisture [11] . The use of intermediate polymer films in multipane glazing, where coated polymer films create a multi-chamber glazing unit, solves the weight issue. The main disadvantage of using polymer films is related to low emissivity (low-e) coatings on the polymer substrate that have worse performance than their glass counterparts [12] . Additionally, the price of coated polymer films is several times higher than that of thin low-e coated glass panes.
Recently, multipane glazing, such as quadruple glazing, has become recognised in European countries. In addition to the increased weight issue, the main concerns for multipane glazing are related to the thermal stresses due to high chamber temperatures, which can pose a problem as regards the robustness and lifetime of such units [9] . Failure of an insulating glass (IG) unit commonly results in water vapour condensation between the glass panes, due to the natural phenomenon of water vapour migration through the edge seal system. When the desiccant is saturated, or the sealconsisting of the primary and secondary seal -is broken, condensation occurs [13] and consequently corrosion of silver low-e coatings occurs.
Low-e coatings effectively reduce the thermal transmittance of a window by restraining the radiative heat transfer [14, 15] . Low-e coatings are composed of several layers of metals, usually silver, and ceramics. Silver is sputtered over a prepared substrate, i.e. the glass surface, and adheres by physical forces alone. If the silver is exposed to the atmosphere under room conditions, several monolayers of water vapour will be adsorbed on the surface [16] and slowly disintegrate the adhesion of the silver through diffusion to the substrate. The appearance of low-e corrosion determines the primary lifespan of the glazing unit [17] . Therefore, for an IG unit with an edge sealing system to have a long service life the primary sealant must maintain its low gas and vapour permeabilities, and the secondary sealant must maintain good mechanical integrity when exposed to a variety of environmental factors. Studies have shown that the simultaneous action of water, elevated temperatures, and solar radiation constitute the greatest stress on the edge seal system of an IG unit [18, 19] . Accelerated ageing and the durability of double-glazed sealed insulating window panes and their impact on the heating demand of buildings have been investigated by Asphaug et al. [20] .
A new 6-pane glazing, with an exceptionally low system thermal transmittance of 0.3 W/(m 2 K), has been developed. The 6-pane insulating glass unit is composed of six individual glass panes. The selected external solar control pane keeps the temperature of the intermediate glass panes and the sealant system safely below 80 °C, and the temperature differences on the individual intermediate glass panes are kept below 40 °C. Moreover, a special inventive approach was used to mitigate the pressure variations of the sealed unit [21] .
6-pane glazing promises many attractive features such as exceptional energy performance and greatly improved thermal comfort. Most intriguingly, for a glazing with such a low U -value, there is no need for modulated external shading, which could obstruct occupants' view [3] . And last, the 6-pane glazing provides excellent sound insulation due to the thickness of the IG unit.
The objective of this work is to present miscellaneous aspects of this new and promising 6-pane glazing system. First, the general technical and physical characteristics of the 6-pane glazing, including the measured seasonal dependence of the solar energy transmittance for the 6-pane glazing, will be presented.
Second, the longevity issues of the 6-pane glazing unit will be addressed. The effects of the elevated temperatures caused by the solar radiation absorption of the intermediate panes, which constitute the greatest stress in the glass unit, will be analysed.
Third, the economical aspects of the 6-pane glazing will be presented. The material and manufacturing costs of the 6-pane glazing versus its benefits will be discussed.
Finally, a short case study of an office building renovation in Oslo at Wergelandsveien 7 in 2015 will be presented.
General properties of 6-pane glazing

6-pane glazing unit configuration
The 6-pane glazing unit consists of an outer solar control pane, intermediate low-e coated panes, a heat-treated expansion pane [21] , and an inner pane ( Fig. 1 ) . The first four chambers from the outside are a hermetically sealed group filled with an insulating gas, typically consisting of 90% argon. The outer spectrally selective solar control pane and the choice of intermediate panes with low visible light absorptance (i.e. high visible light transmittance, LT) limit the temperature of the intermediate panes and edge seal system to below 80 °C. The secondary sealant provides the structural strength to hold the panes apart at a fixed distance and prevents excessive movement of the primary seal under different environmental stresses. Between the perforated, desiccant filled spacers and glass panes, there is a thin layer of a flexible primary seal that is highly impermeable to water vapour. The primary function of the seal is to reduce water vapour and gas permeation through the edge-of-glass area. As the mechanical strength of viscous PIB is negligible, a secondary sealant is applied around the perimeter of the glass as required for the mechanical integrity of the whole IG unit.
When the insulating gas within the group of sealed chambers expands due to solar-radiation-related heating this causes the expansion pane to bulge out towards the inner pane, thereby decreasing the volume of the open chamber and reducing the pressure of the insulating gas within the group of sealed chambers by giving way to their expansion. Since the open chamber allows for air exchange with the surrounding atmosphere, the pressure within the open chamber will not increase, and correspondingly, the inner pane will not bulge.
The total thickness of the 6-pane glazing unit varies with changes in the outer and inner panes due to the safety and security glass options. The total thickness of the standard 6-pane unit shown in Fig. 1 is 117 mm.
6-pane glazing U-value
The thermal transmittance of the transparent part of the window ( U g -value) is dependent on the number of glass panes, the quality, the positions of the low-e coatings, and the gas fill used. The thermal transmittance of glass for the 6-pane unit with an open chamber without low-e coatings ( Fig. 1 ) , which was calculated according to EN 673:2011 with LBNL (Lawrence Berkeley National Laboratory) WINDOW 7.4 software for a unit size of 1250 mm × 2500 mm, is U g -value = 0.26 W/(m 2 K). The internal and external heat transfer coefficients used were h i = 7.7 W/(m 2 K) and h e = 25 W/(m 2 K), respectively. The 6-pane glazing unit had a vertical orientation, the external temperature was set to 0 °C, and the internal space temperature was set to 20 °C.
Seasonally dependent solar energy transmittance
The total solar energy transmittance factor ( g -value), analogous to solar heat gain coefficient (SHGC), is calculated as the sum of the direct solar energy transmittance ( T sol ) and the secondary heat transfer factor of the glazing towards the inside, with the latter resulting in heat transfer by convection, conduction, and long-wave IR-radiation of that part of the energy gained from incident solar radiation absorbed by the glazing [22, 23] . The g -value and corresponding visible light transmittance (LT) for the presented 6-pane glazing is dependent on the outer pane's solar control coating. By choosing appropriate outer solar-control-coated glass pane, the nominal g -value can be engineered to the range from 0.11 to 0.30, where the corresponding visible light transmittance ranges from 0.17 to 0.48. The g -values and LT values were calculated with the LBNL WINDOW 7.4 software for a range of pane selections that comply with the 80 °C temperature limit of the intermediate panes.
However, due to incidence-angle-dependent Fresnel reflections [24] , the optical characteristics also vary seasonally as the sun's average elevation and light diffusivity vary throughout the year. Yearlong measurements of the real-world solar energy transmittance of a 6-pane glazing unit in Ljubljana, Slovenia are presented below.
Two spare 6-pane glazing units, with dimensions of 1035 mm × 1405 mm, from the case study building referred to in Chapter 5 were used for test stand measurements (see Fig. 2 a) . The indoor temperature of the climate chamber from behind the test stand in winter and summer was set to 22 °C and 25 °C, respectively. The climate chamber with the 6-pane IG unit test stand was situated in Ljubljana and was oriented to the south. The measured T sol on the 6-pane glazing test stand was determined as a quotient of the measured monthly solar irradiation transmitted to the inner side and the measured monthly irradiation on the external side of the test stand IG unit [25] . The calculated T sol for a clear sky in winter months approaches a nominal (EN 410) T sol value of 0.17. The sun is low in the winter and the average sun incidence angle is nearly normal. In the summer the average sun incidence angle increases the Fresnel reflections of the multiple glass panes and the calculated T sol decreases accordingly. The measured T sol additionally depends on diffuse light conditions, which also increase the average incidence angle of the light hitting the glass unit. At the measured points, days with diffuse light decrease the T sol in winter. The measured points in summer show T sol values consistent with ground-reflected light incident normally on the glass unit showing slightly higher T sol than calculated for clear sky conditions. The measured T sol is 30% less than nominal value in summer (valid for Ljubljana's climate and latitude), which is beneficial for decreasing cooling demand.
6-pane glazing intermediate glass temperatures and multipane unit longevity
By increasing the number of intermediate panes, and hence the number of chambers formed, the desired thermal transmittance could in principle be decreased. However, even the clearest coated glass or polymer film panes absorb some of the solar radiation passing through. This causes heating of the individual panes of the glass units, particularly the first or second intermediate panes adjacent to the exterior pane. Hence, excessive temperatures, as well as increased pressure, may lead to the premature failure of both primary and secondary sealing materials or even to thermal stress induced cracking of the intermediate panes.
The lifespan of the IG unit depends primarily on the sealing system performance. The most important aspect is the water impermeability of the IG sealing system combined with a desiccant that protects the low-e coatings from water-based corrosion. In all materials, the level of water permeability exhibits strong temperature dependency due to changed molecular dynamics. When the material heats up, the molecules vibrate more, expand in volume, thus water vapour permeation is increased through the increased molecular mobility caused by the increased intermolecular volume.
Insulating glass units exhibit elevated insulating gas pressure when irradiated by the sun. Increased insulating gas pressure stretches the primary PIB seal and thus reduces its effectiveness as a water vapour barrier. The highest pressure coincides with the highest vapour permeation; thus, the viscoelastic mechanical properties of the secondary seal play an essential role in ensuring the long-lasting effect of low-e coatings.
In the 6-pane glazing, we quantify water vapour permeation through the PIB sealant barrier, which influences the lifespan of the sealed glass unit. In our calculations, the least-squares exponential curve fitting method was used to fit the experimental vapour permeation data ( Fig. 3 ) . As can be noticed, the PIB sealant significantly increases the vapour permeability with increased temperature. The water vapour permeation at room temperature is approximately 0.1 g/(m 2 d) and increases to nearly 10 g/(m 2 d) at 80 °C ( Fig. 3 ) .
Lawrence Berkeley National Laboratory software Window 7.4 was used to determine the individual pane temperatures and the Depending on the temperature, water vapour permeates through the PIB seal throughout the year and slowly saturates the desiccant residing in the spacers. The PIB primary seal temperature and the corresponding water vapour permeation were simulated with consideration of the PIB sealant geometry and the permitted desiccant water content change, for different climatic areas, i.e. Munich, Venice, Madrid, and Rome. The hourly climatic data for air humidity and temperature/solar radiation used to estimate the peak hourly PIB temperature in the IG unit were taken from the Climate Design Data 2009 ASHRAE Handbook. The local climate and time of year influences on the monthly water vapour penetration rates for the 6-pane glazing configuration are shown in Fig. 6 .
The observed calculations of water vapour penetration into the spacer desiccant confirm enhanced water vapour penetration in summer time and in warmer climates. A comprehensive evaluation of the lifespan of the multipane glazing is given in the study by Kralj et al. [27] .
6-pane glazing economics
Costs
The improved comfort of living, reduced maintenance efforts, living space gain, elimination of the need for exterior dynamic shading, and above all elimination of the need for seasonal energy storage are some of the considerable benefits of 6-pane glazing. . Cumulative monthly water mass added to the spacer per 1 m spacer effective length modelled for a 6-pane glazing configuration with a peak pane temperature of T p = 60 °C. The chart shows local climate and time of year influences on water penetration rates [27] . Permitted spacer added water mass is less than 1 g/m (only a small fraction of the desiccant saturation capacity can be used).
The disadvantages of 6-pane glazing are the higher glass cost and more demanding assembly process, which will at the beginning increase the up-front payment required. Table 1 shows the typical cost-price contributors of an installed 6-pane glass façade. The given price ranges are for rectangular panels produced in high quantities (100 + ) with a high raw-glass utilisation fraction. Requirements as regards iron-free glass, safety interior glass, security glass outside, and exterior glass for a high wind load in skyscraper applications all influence the cost within the indicated range in Table 1 .
Currently, typically sophisticated 6-pane glazing façade (installed) is priced below than systems such as closed cavity façades or double skin glass façades.
The installation cost varies from the simplest stick system installation in the Southern and Central European region to complex structural glazing installations in Sweden and Norway, where the cost might reach 200 €/m 2 . With economies of scale (including automated assembly), a price comparable to triple-pane glazing systems, equipped with automated exterior shading, could be achieved. 
Comfort of living
The well-being of the occupants of a building is an important parameter determined by the environmental quality of the interior. Limited or no contact with the environment and living and working with minimal daylight are often a consequence of dynamic sun shading. On the contrary, a 6-pane glazing offers uninterrupted contact with the environment. Low, seasonally selective solar gain offers summer comfort, while a system U -value of approximately 0.3 W/(m 2 K) offers nearly zero heating demand in winter even in northern countries. A low system U -value maintains inside glass temperatures at an equable level throughout the year. Furthermore, an unprecedented draught-free zone is created around the panoramic glazing. Fig. 7 shows a cold draught at the panoramic glazing for double-pane glazed, triple-pane glazed, and 6-pane glazed units. The interior glass temperature was calculated using ASHRAE/NFRC interior conditions in Window 7.4 software. Using the glass height and interior glass pane to room air temperature difference, the natural convection velocity at a distance of 0.4 m from the vertical glass plate was calculated according to Jurelionis and Isevi čius [28] . The 6-pane glazing offers cold-draughtfree designs for up to 4 m high panoramic glazing.
Maintenance and space gain
Regular system maintenance and proper handling are critical for ensuring that operable and automated systems meet energy and occupant comfort requirements. The maintenance costs of an automated shading system can be substantial. For instance, the cost of maintaining the California Academy of Sciences building automated shades adds up to $30,0 0 0 annually [30] .
On the contrary, the 6-pane glazing unit with a solar control coating may offer living comfort and does not require special maintenance.
The 6-pane glazing also allows for space savings. Especially in Scandinavia, there are regulations requiring builders to combine triple-pane glazing with up to 0.5 m thick insulated parapets to meet energy performance requirements [31] . A 6-pane glazing unit can outperform such a configuration energy-wise and offer up to 0.4 m space savings for the building circumference. Given the location's real estate pricing particularities, this space savings might well be enough to make up for the extra up-front investment for the transition to fully glazed 6-pane façades.
Dispensing with seasonal energy storage
The exceptional problem of the unfeasibility of seasonal energy storage required to offset winter grid power demand for all tentative-renewable energy supplies was exposed in a study by Sinn [1] . To compensate for the seasonal volatility an energy buffer of staggering proportions would be required. For Germany alone, this buffer would need to hold 42.93 TWh [1] . This is 17-times more than the whole EU geo-potential for hydro-pumping energy storage, which would be impossible to build anyway as many national parks would need to be flooded. No economical technologies exist now, nor will in the foreseeable future, that could facilitate seasonal energy storage on the massive scale needed.
With 6-pane glazing, buildings with a heating demand of less than 1 kWh/(m 2 a) could be built. In our opinion, such zero-heating buildings [2] or nearly-independent near zero-energy buildings [32] would utilise grid PV power or on-site PV power mainly for cooling and regular daily use of appliances. In winter, the heating requirement, depending on the climate region, may be attenuated to the level of close to or essentially zero and thus render the related seasonal energy storage requirement obsolete.
Case study: renovation of Wergelandsveien 7, Oslo, Norway
Before the renovation, the Wergelandsveien 7 building ( Fig. 8 ) in Oslo was equipped with triple-pane glazing with wooden framing without low-e coating, having been built in the 1960s. The estimated U g -value before the renovation was 2.2 W/(m 2 K). Below the windows there were parapets with a U -value of 0.59 W/(m 2 K) [33] . The renovation consisted of 'hot-swap' facade modernisation and modernisation of the HVAC system. It is not specified how much each component contributed to the energy end-savings reported below.
Two glazing systems were used in the renovation, as shown in Fig. 9 . The ground floor featured large panoramic 6-pane glazing Table 2 Annual energy consumption per m 2 and total energy consumption for the situation before the renovation and the expected vs. measured consumption after renovation [35] . Detailed data sources are given in the study by Leskovšek [34] . The building has performed flawlessly and to the client's satisfaction for the last three years. The application of the 6-pane glazing without modulated external solar shading has demonstrated that such a system's performance is also predictable. If the reported values are accurate, then the 10% discrepancy between the achieved and the calculated energy performance is an excellent achievement ( Table 2 ) .
Conclusions
A 6-pane insulating glass (IG) unit was engineered and analysed. A general description of the composition of the 6-pane glazing unit has been provided. Important characteristics such as Uvalue, variable solar energy transmittance, visible transmittance, solar heat gain coefficient, glass pane temperatures, seal water vapour permeability, economical aspects including comfort of living, among others, were investigated. Moreover, the examined case study shows that the annual energy consumption was reduced by approximately a factor of two after renovation with the 6-pane glazing.
Through connecting low U g -value with moderate g -value solarcontrol glass the following feats were achieved: (a) IG unit internal temperatures were reduced to achieve reasonable lifespan which until now was deemed unattainable for windows panes incorporating more panes than the 4-pane glazing configurations; (b) cost savings were achieved by omitting commonly assumed heat-treated intermediate glass panes and by omitting modulated exterior sun-shading; (c) the glazing system heat transmittance could be decreased to as low as 0.3 W/(m 2 K). Therefore, during the winter season the heating requirement may be reduced to a very low level and thus render the need for seasonal energy storage much less essential. The need for seasonal energy storage represents for the time being an insurmountable obstacle to expanding renewable energy in heating dominated areas.
Nevertheless, the complex engineering of the IG unit, requiring the handling of internal temperatures, pressure, and seal stress/deformations, is still the main downside, leading to a lack of confidence in the longevity the IG unit due to the general lack of experience with this type of IG unit design.
Future work needs to focus on moving towards automatic IG unit assembly, which will result in lower product costs. Moreover, costs could also be decreased by providing a wider range of structural support options, which are few for the time being. The most important step is to present the market with the option of moving to 6 panes, which represents an entirely new paradigm shift in designing cost-efficient nearly zero-heating buildings.
